In the tropics, cattle are majorly dependent on natural pastures growing on poor soils and as a result prone to trace element deficiencies. This work investigated several aspects of trace element nutrition in zebu (Bos indicus) cattle, the most widely used cattle type in the tropics. Through several trials conducted at the Gilgel Gibe catchment, Ethiopia, we aimed to study factors influencing the flow of trace elements from soil to plant and grazing zebu cattle, and to investigate the impact of trace element status on health, production and trace elements in animal products. Overall, trace element, e.g., Cu, deficiencies were widely prevalent. Environment and certain grazing strategies were intimately related and affected trace element supply whereas cattle type affected trace element status. The effect of trace element status on trace elements in animal products was obvious, whereas the impact on health and production was less clear-cut.
Introduction and objectives
Throughout the animal kingdom, a certain dietary supply of trace elements (e.g. copper (Cu), zinc (Zn), selenium (Se)) is known to be essential for optimal health (Bender, 2007) . In the early days of trace element research in farm animals, numerous studies confirmed their importance for cattle, as supplementation of these elements alleviated elusive symptoms (e.g. claw malformations, muscle skin lesions, diarrhoea) and improved production (McDowell & Arthington, 2005) . Following these trials, authors around the globe reported shortages in some trace elements as well as excess in others in natural pastures, indicating an omnipresent risk for trace element imbalance in grazing cattle (Abdelrahman et al., 1998; Mortimer et al., 1999; Govasmark et al., 2005a,b) . Indeed, the grazing cow is part of the trace element flow from soil to plant and animal and back, and the bovine trace element status is directly influenced by this flow, although many indirect factors are yet to be unravelled (Suttle, 2010) . Furthermore, studies investigating the effects of trace element supply on body functions (e.g., immunity: Spears, 2000; Weiss & Spears, 2006; Spears & Weiss, 2008) as well as on production (Ward & Spears, 1997; Engle & Spears, 2000) often produce conflicting results. Additionally, few studies investigated the impact of trace element supply under practical farming conditions (Wichtel, 2003) . Finally, the influence of the established trace element status in the animal (e.g deficient, optimal, in excess) on trace element concentrations in edible tissues and milk, is not well understood (Garcia-Vaquero et al., 2011; Rey-Crespo et al., 2013) .
In tropical areas, poor grasslands remain the primary bottleneck for optimal cattle production (McDowell & Arthington, 2005) and several environmental characteristics (e.g. parent material, heavy rainfall) increase the risk for trace element imbalances in cattle (Dudal, 1980) . The zebu cattle type (Bos indicus), domesticated independently from the taurine type (Bos taurus), is spread around the globe with a predominant presence in these tropics, e. g. South Asia and large parts of Africa (MacHugh et al., 1997; Bradley et al., 1998; Hanotte et al., 2000) . Zebu cattle, with the pronounced hump and cossum ( Figure  1 ), are renowned for their adaptive traits to a harsh environment, with a high tolerance towards heat stress, high disease burden and poor dietary quality (Turner, 1980; Bradley et al., 1998; Macedo et al., 2013) . Few studies were, however, performed on trace elements in Bos indicus (-influenced) cattle. In Ethiopia, the world's fifth largest cattle holder (FAO, 2013) , poor communal grass lands are often characterised by erosion and overgrazing (Devi et al., 2008) . A coherent grazing management policy is absent and farmers have low financial resources to supplement zebu cattle with high quality grains or by-products, let alone trace element supplements. In this country, beef oriented zebu cattle dominate the cattle population, in addition to dairy oriented crossbreeds with taurine Holstein-Friesians (Bos indicus x Bos taurus), a mix of sanga and zenga cattle (Dadi et al., 2008) and the small indigenous taurine Sheko population (≤ 4000 individuals left according to Taye et al. (2009) ).
This work aimed to obtain a broad insight in trace element nutrition in zebu cattle. Overall, our objectives were to: i) assess the trace element supply for zebu (-influenced) cattle, ii) evaluate the bovine trace element status, iii) define factors influencing the soilplant-animal flow (e.g., environment, management, plant and animal factors), iv) investigate the effect of bovine trace element status on different aspects of bovine health (e.g. anti-oxidant status, immunity) and production as well as on trace element storage in edible tissues and secretion in milk.
Study area & trial design
The Gilgel Gibe catchment (Figure 1 ), SW Ethiopia, was selected as our study site to investigate several aspects of trace element nutrition in the zebu cattle type. This catchment forms the main focus area of a multidisciplinary research project (IUC-JU programme of VLIR-UOS) investigating the impact of the local hydroelectric power plant with an adjacent reservoir and dam on human and animal health, ecology and agronomy, in order to improve the life quality of local communities. Here, farmers subside on mixed farming systems (Moti et al., 2012) and cattle are reported to be mainly of the indicine Guraghe-type (DAGRIS, 2007) . Herds of such cattle are typically free-ranging on poor pastures. In and around Jimma, the largest city in the area, urban dairy farming is commonly practiced. Most cattle on these rather small farms are crosses of local zebu and Holstein Friesians. The animals are kept on a zerograzing regime with a cut-and-carry feeding system for forages, fed in combination with concentrates and by-products (Belay et al., 2012) .
Figure 1. Zebu oxes ploughing the land at the Gilgel Gibe catchment, Ethiopia. A = hump, B = cossum.
The research was initiated with the investigation of the trace element content of consumed diets of grazing bovines and the effect of plant factors, environment and management on this content (Dermauw et al., 2014d) . Plants ingested by grazing herds of zebu cattle (n = 19) were sampled, total dietary intake was estimated through ten minute interval bite observation and other factors were monitored.
Afterwards, we aimed to evaluate the trace element status of grazing zebu cattle and to unravel associated factors. In two studies, individual plasma and pooled herd faeces were sampled in adult zebu cattle grazing at the catchment (n = 90) and liver in adult zebu bulls slaughtered at the local abattoir (n = 53) (Dermauw et al., 2013a) and trace element concentrations in these samples were determined. Meanwhile, the impact of sex, age, body condition and the presence of parasitic infections was analysed.
We also considered the effective assessment of the status of the macromineral sulfur (S), given the high prevalence of Cu deficiency in the tropics, and the role of S as a Cu antagonist. Evaluating the status of this element is thus important, yet remains difficult. Rumen fluid S concentrations are preferred, but are difficult to sample under practical conditions. Therefore, we aimed to evaluate salivary S concentrations as estimators of S status in cattle. Saliva and rumen fluid samples were collected from dairy cows (n = 16) with a rumen fistel as well as samples of different feedstuffs offered to the animals, and N and S concentrations were determined (Dermauw et al., 2012) .
In the next study, we aimed to identify the early effects of dietary trace elements on anti-oxidant status and production (Dermauw et al., 2013b) . To investigate this, adult grass-fed zebu bulls (n = 8) received either a control or additional trace element supplementation (zinc (Zn), manganese (Mn), Cu, Se, jodide (I) and cobalt (Co)) during four weeks while monitoring nutrient digestibility and trace element concentrations in plasma and faeces.
Subsequently, the effect of trace element supplementation under practical farming conditions on bovine trace element status and milk concentrations as well as antioxidant status, immune response and performance was investigated (Dermauw et al., 2014c) . In a double-blinded intervention study, small-scale urban dairy farms (n = 16) with crossbred (zebu x taurine) cows were enrolled in a trace element supplementation programme (Cu, Zn, Se, Co and I) for 150 days.
Afterwards, we studied the trace element distribution in edible bovine tissues, as these are of importance both for animal health and human nutrition (Dermauw et al., 2014a) . At the local abattoir, adult zebu bulls were sampled for semitendinosus and cardiac muscle, liver and kidney (n = 60) and plasma (n = 28) in order to investigate trace element distribution and storage.
Finally, we aimed to investigate potential differences in trace element metabolism in zebu and crossbred cattle. Throughout an eleven week trial (Dermauw et al., 2014b) , zebu and zebu x Holstein Friesian cross heifers (n = 16) were fed a Cu deficient grass-diet supplemented with the Cu antagonist molybdenum (Mo) and plasma and tissue trace element concentrations were monitored.
Results & Conclusions
The trace element supply for zebu-influenced cattle in the Gilgel Gibe catchment, Ethiopia, was imbalanced (Dermauw et al., 2013b (Dermauw et al., , 2014b , based on the comparison of dietary trace element levels with reported requirements for cattle. However, the applicability of these reported Bos taurus requirements for zebu cattle was not investigated yet. Sampled forages contained low amounts of Cu, probably aggravated by high levels of iron (Fe) and possibly Mo and S, known Cu antagonists. The trace elements Se and to a lesser degree, Zn were supplied in concentrations below requirements, especially for dairy cattle. Concentrations of other trace elements seemed sufficient for cattle. Soil type, elevation and plant group appeared to be the major determining factors for trace element supply (Dermauw et al., 2014d) . Environment and certain grazing strategies were intimately related, and might provide both explanation and solution for hampered trace element supply.
Concomitantly with the low dietary trace element supply found in the Gilgel Gibe catchment, low trace element concentrations were found in transport and storage pools of sampled zebu-influenced cattle in the region (Dermauw et al., 2013a (Dermauw et al., , 2014a . More specifically, Cu deficiency was observed in almost half of the sampled animals, based on status evaluation by means of plasma and liver samples (Figure 2) . However, the value of Bos taurus threshold values necessary to assess trace element status has not been investigated yet for zebu-influenced cattle. Depending on thresholds from different authors, Mn and/or Se deficiency was present in cattle in the area. The status of other trace elements seemed adequate. Based on the tissue levels, Fe seemed the most important Cu antagonist for cattle in the region, which is in line with forage data. The status of another antagonist, S, remained difficult to determine, and saliva concentrations did not prove to be indicative of rumen fluid S concentrations (Dermauw et al., 2012) . Linear regression analysis showed that for Co and Se, plasma samples could be useful for prediction of liver values (data: Dermauw et al., 2014a, b) . Using the dichotomized approach, plasma Cu concentrations proved to be very strong predictors of liver concentrations above or below cut-off point for deficiency (data: Dermauw et al., 2014a, b) . Factors related to a certain trace element status (data: Dermauw et al., 2013b Dermauw et al., , 2014a were age, sex, body condition score and type of cattle. More research is needed to fully unravel the extent of the impact of these factors, particularly in zebu cattle. Moreover, the potential difference in trace element metabolism between different types (Bos indicus vs. Bos indicus x Bos taurus) of cattle (Dermauw et al., 2014b) requires extra attention, as it might have a large impact on the optimal nutritional management of these animals.
Figure 2. Close-up of a heifer exhibiting depigmentation of hairs around the eyes, a typical sign of Cu deficiency (called "copper glasses").
In zebu and crossbred cattle originating from the Gilgel Gibe catchment, Ethiopia, consuming diets low in trace elements and with an inadequate trace element status as a consequence, trace element supplementation raised trace element concentrations in the plasma transport pool (Dermauw et al., 2013b (Dermauw et al., , 2014c . Nonetheless, in the same cattle, we did not witness any beneficial effects of such trace element supplementation on anti-oxidant status, immunity and disease resistance or on production (Dermauw et al., 2013b (Dermauw et al., , 2014c . More specifically, trace element supplementation did not seem to increase levels of the antioxidant enzymes (Cp and SOD) in zebu cattle (Dermauw et al., 2013b) , nor did it seem to increase measures of antioxidant power (FRAP) or decrease the amount of oxidative stress (TBARS) in crossbred cattle (Dermauw et al., 2014c) . Likewise, no effect was observed on immune response (antibody titer upon vaccination) nor on disease resistance (degree of mastitis) in crossbred cattle (Dermauw et al., 2014c) . Finally, trace element supplementation did not seem to affect production, neither in the more beef orientated zebu cattle (Dermauw et al., 2013b) nor in the crossbred dairy cattle (Dermauw et al., 2014c) . Comparable studies in zebu cattle are largely absent. At the same time, other studies investigating almost all of the above mentioned subjects in Bos taurus cattle report contradicting results, probably partly because of the heterogeneity of experiments performed. In particular, studies investigating the effects of trace element supplementation under field conditions are essential to unravel the magnitude of trace element status impact on cattle performance and production.
In zebu and crossbreed cattle grazing at the Gilgel Gibe catchment, Ethiopia, low dietary supply of trace elements and low trace element status coincided with lowered trace element distribution and secretion (Dermauw et al., 2014a,c) . In zebu cattle, low concentrations of Cu and Se were observed in edible tissues (e.g., kidney, skeletal muscle, heart), whereas Fe levels were rather high, based upon comparison with reported ranges for Bos taurus cattle and other literature (Dermauw et al., 2014a) . Based on ranks, for most elements, kidney trace element concentrations were reasonably associated with trace element status. For concentrations in muscle (semitendinosus and cardiac muscle), this was less pronounced, but a strong association with status was observed for Co and Se (Dermauw et al., 2014a) . On average, the potential contribution of a portion (200 g) of kidney and liver to human trace element nutrition was large, whereas both muscle types were poor suppliers of trace elements for humans (data: Dermauw et al., 2014a) . In crossbred dairy cattle, milk concentrations of Cu and Se were low and Mn concentrations high, but all were within reported normal ranges (Dermauw et al., 2014c) . Based on ranks, for most elements, a poor association was observed between milk trace element concentrations and trace element status, except for milk Se, which corresponded reasonably well with status (data: Dermauw et al., 2014c) . A glass of milk was a rather poor supplier of trace elements for human nutrition, except for Mo (data: Dermauw et al., 2014c) . More studies are needed to unravel the factors which contribute to any remaining variation in the association between trace element status and trace element distribution and secretion.
